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The Cu2O nanoparticles having average crystallite diameters 8–16 nm were synthesized by a
simple solvothermal method. The Mn was doped in the Cu2O sample of crystallite size 8 nm. The
effects of the size and doping concentration on the crystal structures of the nanoparticles were
investigated. The x-ray photoelectron spectroscopy studies clearly showed that the Mn was
incorporated into the Cu2O lattice as Mn2+ due to the substitution of the Cu+ ions by Mn2+ ions. The
quantum confinement effects were observed in the nanoparticles. The multiple emissions from the
Cu2O were quenched in the Mn doped nanoparticles and only blue light emitting Cu2O
nanoparticles were obtained due to the transition 4T2→ 6A1 of Mn. The effects of the doping
concentration and the particle size on the relaxations dynamics of the Cu2O nanoparticles were
mainly investigated using photoluminescence decay. © 2010 American Institute of Physics.
doi:10.1063/1.3295910
I. INTRODUCTION
Copper I oxide Cu2O has the promising applications
in solar energy conversion and catalysis.1–5 It is a prospective
candidate for low-cost photovoltaic applications due to its
high optical absorption coefficient, lower band gap energy
2.17 eV, and for low cost, nontoxic, and large natural abun-
dance of the base material copper. Further opportunities in
catalysis could be realized through the stabilization of spe-
cific phases of copper oxide. Therefore, it is of fundamental
interest to prepare phase pure copper oxide nanocrystals to
examine their crystal structure and characterize their optical
properties. An investigation and understanding of size effects
in such a system is also of interest due to the possibility of
tuning its optoelectronic properties. It is also an ideal com-
pound using as a dilute magnetic semiconductor DMS with
high Tc.
6 As well as being a candidate for the basis of a
DMS, it has potential for use in p-n junctions and spin-light-
emitting diodes LEDs. Cu2O has a cubic structure with a
=4.269 Å,7 and its p-type conductivity arises from copper
vacancies which introduce an acceptor level 0.4 eV above
the valence band VB.8
Bulk cuprous oxide Cu2O has direct forbidden band-
gap of 2.17 eV.9 The lowest of the conduction band CB and
the top of the VB have the same parity, so that electric dipole
transition between them is forbidden.10 Quantum size effects
on the optical properties of this type of direct band gap semi-
conductors are phenomenologically different from that of in-
direct band gap semiconductors. Therefore the optical prop-
erties of Cu2O are complex as well as interesting. Cu2O has
large excitonic binding energy of about 140 meV. The crys-
talline Cu2O with nanoscale dimensions could be anticipated
to have spatially confined excitons and thereby increase their
concentration. The large excitonic binding energy offers the
possibilities to observe excitonic features in the absorption
and luminescence spectrum.11,12 Such unique electronic
structures of Cu2O spur a growing amount of interest in its
crystalline nanostructures. Cubic crystalline structure and the
electronic properties of Cu2O stimulated many researchers to
study optical and electronic properties in different shapes and
sizes.13–15
The study of semiconductor nanoparticles or quantum
dots is a major field of research in condensed matter physics.
Particularly interesting are the quantum size effects on the
optical properties of the semiconductor nanoparticles.16,17
Moreover the doping of the semiconductor nanoparticles
with transition metal ions has been the subject of research in
recent years to find out the potential applications in photonic
field.18,19 The engineering of band gap and influencing physi-
cal, chemical, and electronic properties of the semiconduc-
tors are possible by the use of the right dopants. Norman et
al.20 showed the tuning of the emission energy of Mn doped
ZnSe nanoparticles. The band gap tuning of the Mn doped
CdS quantum dots were observed by Kim.18 Mn doped Cu2O
has been extensively studied by the many researchers as a
DMS,21,22 but no detail study on the tuning of the optical
properties of the Mn doped Cu2O was done previously.
Many attempts have been made to synthesis Mn doped
Cu2O with different techniques, such as solid state reaction
of Cu2O and Mn2O3, radio-frequency magnetron sputtering
deposition, pulse laser deposition method, etc.21–23 In our
present work, Mn doped Cu2O is prepared in the solution
route. Solvothermal process is the most useful technique to
synthesize undoped and doped nanocrystalline materials with
different morphologies and sizes without using any template
or matrix. Under solvothermal process, some properties of
the solvents like density, viscosity, and diffusion coefficient
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change dramatically and the solvent behaves much differ-
ently from that expected at the normal conditions. Conse-
quently, the solubility, diffusion process, and the chemical
reactivity of the reactants are greatly enhanced.
In the present work, we have synthesized phase pure
Cu2O nanoparticles by a simple solvothermal method and
studied the effects of the particle size and Mn doping on the
optical properties of the Cu2O nanoparticles. Excellent engi-
neering of the luminescence properties has been done by the
Mn doping. We have investigated the crystalline quality of
the undoped and Mn doped nanoparticles using Williamson–
Hall equation. From x-ray photoelectron spectroscopy XPS
studies the valance states of the Cu and Mn have been found.
II. EXPERIMENT
All the chemical reagents used in this experiment were
analytical grade and were used without further purification.
In a typical procedure, 1.27 g of cupric acetate monohydrate
CuAc2 was mixed with 48 ml ethanol EtOH under con-
stant magnetic stirring for 1 h to prepare a homogeneous
solution, then 0.0845 g of dextrose was added to the solution.
After 1h constant magnetic stirring, the greenish solution
gradually turned to the bluish green. The homogeneous so-
lution was then transferred to a Teflon-lined stainless steel
autoclave with 60 mL capacity and heat treated at different
temperatures 140–180 °C for 2 h and the samples were de-
noted by CP3, CP2, and CP1 respectively Table I. Likewise
to study the effects of the Mn doping on the crystal quality
and optical properties of the Cu2O nanostructures, manga-
nese acetate MnAc2,4H2O, was mixed in the above experi-
mental solution and the solution was finally heat treated at
140 °C for 2 h. The products obtained were named as
LMnCP3, MMnCP3, and HMnCP3 with different Mn con-
centrations of 1%, 3%, and 5% respectively Table I. For all
the above cases, the autoclave chambers were air cooled to
room temperature after the reactions. The resulting precipi-
tates were recovered by centrifugation and washed several
times with distilled water, and the precipitates were finally
vacuum dried for 4 h.
The crystalline phases of the products were determined
by x-ray powder diffraction by using a Seifert 3000P diffrac-
tometer with Cu K radiation =1.54 Å. Microstructural
properties were obtained using transmission electron micro-
scope TEM JEOL 2010. For the TEM observations, the
powders were dispersed in 2-propanol and ultrasonicated for
15 min. A few drops of this ultrasonicated solution were
taken on a carbon coated copper grid. Compositional analy-
sis was performed by energy dispersive x-ray analysis
EDAX Kevex, Delta Class I attached with the field-
emission scanning electron microscope. To analyze the val-
ance states of the constituents of the undoped and Mn doped
Cu2O, x-ray photoelectron spectroscopy XPS was recorded
with a Perkin Elmer PHI 1257 spectrometer using a dual
anode Al/Mg x-ray source. Optical absorbance of the
samples was recorded via a UV-vis spectrophotometer Shi-
madzu, UV-2450. The steady-state photoluminescence PL
measurements were carried out at room temperature with a
Fluorescence spectrometer Hitachi, F-2500 using excitation
wavelength 340 nm.
The luminescence decay curves were obtained by time
correlated single-photon counting TCSPC HORIBA
JOBIN YVON IBH via time-to-amplitude conversion. The
samples were excited at the wavelength using LED
HORIBA JOBIN YVON IBH Nanoled–340 at a repetition
rate of 1 MHz. The experimental time-resolved luminescence
intensity decays It have been analyzed by following multi-
exponential model:
It = b + 
i=1
n
i exp− t/i , 1
where n is the number of discrete emissive species, b is a
baseline correction dc offset, and i and i are the pre-
exponential factors and excited-state luminescence decay
times associated with the ith component, respectively. i is
normalized to unity. The average decay time,  was calcu-
lated from
TABLE I. Size of the nanocrystallites and the average microstrains calculated from Williamson–Hall formula and lattice parameter and d-spacing d111
calculated using POWD.







Lattice parameter a and d-spacing d111
Å
CP1 180 °C, 2 h 16.360.23 37.51.39 a=4.2377
d111=2.4466
CP2 160 °C, 2 h 11.560.84 88.511.7 a=4.2748
d111=2.4681
CP3 140 °C, 2 h 8.350.83 92.813.7 a=4.2752
d111=2.4683
LMnCP3 0.3% Mn 140 °C, 2 h 8.361.25 10015 a=4.276
d111=2.4687
MMnCP3 1.5% Mn 140 °C, 2 h 8.390.95 102.733.6 a=4.2783
d111=2.4701
HMnCP3 2.6% Mn 140 °C, 2 h 8.461.46 110.254.9 a=4.2805
d111=2.4714
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The fractional contribution f i of each decay component was








where f i is normalized to unity.
III. RESULTS AND DISCUSSIONS
X-ray diffraction XRD study was used to identify the
phases and also estimate the sizes of the nanocrystallites. The
XRD patterns of the three samples CP1–CP3 shown in Fig.
1a reveal that all the peaks correspond to the reflections
from 110, 111, 200, 220, and 311 planes of cubic
cuprous oxide Cu2O, which are consistent with the stan-
dard reported values.24 Other impurities such as CuO and Cu
are not found from the XRD spectra of the samples. The
Williamson–Hall equation is used to calculate the crystallite
size and microstrain for all the samples from XRD spectra.25
The Williamson–Hall equation is expressed as follows:
B cos  =
0.89
D
+ 2sin  , 4
where B is the full width at half maximum of the all XRD
peaks, D is the crystallite size,  the x-ray wavelength,  the
Bragg diffraction angle and  the microstrain of lattice. In
this method, B cos  is plotted against 2 sin for all the
samples shown in Fig. 1b. Using a linear extrapolation to
this plot, the intercept gives the crystallite size 0.89 /D and
the slope gives the micro strain . Here as the reaction tem-
peratures were varied from 140–180 °C, the average sizes
of the crystallites calculated were varied from
8.35 0.83–16.36 0.23 nm shown in the Table I. It is
clear from the literature that decreasing the crystallite size is
associated with the increase in the dislocation densities,
which introduces some micro strain in the lattice.26 Average
micro strain is also calculated from Williamson-Hall equa-
tion, shown in Table I, which indicates that the micro strain
is maximum for the sample CP3 crystallite size 8.35 nm
and decreases with the increasing crystallite size. The values
of the lattice parameter a and d-spacing d111 of the Cu2O
samples CP1–CP3 calculated using POWD Ref. 27 are
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FIG. 1. a XRD spectra and b B cos  vs 2 sin  plots of the undoped samples CP1–CP3. c XRD spectrum and d B cos  vs 2 sin  plot of the 2.6% Mn
doped sample HMnCP3.
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shown in Table I, indicate that the distortion of the lattice is
more prominent in the smallest crystallite.
Mn doping in the sample CP3 crystallite size 8.35 nm
produces more strain and lattice distortion in the crystal. The
representative XRD pattern of the highest Mn doped sample
HMnCP3 shown in Fig. 1c indicates the formation of pure
phase Cu2O without any impurities like CuO, Cu, and man-
ganese oxide. The crystallite size and the microstrain were
also calculated for all the doped samples LMnCP3–HMnCP3
using Williamson–Hall equation shown in the Table I. One
representative plot of the Williamson–Hall equation, i.e.,
B cos  versus 2 sin  for the highest doped sample
HMnCP3 is shown in Fig. 1d. The lattice parameter a and
d-spacing d111 values of all the doped samples were also
calculated using POWD Table I. From Table I, it is noted
that the lattice parameter, d-spacing, and crystallite size were
increased with increasing Mn concentration. The expansion
of the lattice parameter and consequently the crystallite size
of the doped samples with the Mn concentration may be
explained by the substitutional incorporation of Mn into Cu
sublattice, since Mn2+ for fourfold coordination with the
high-spin state has a bigger effective ionic radius 0.66 Å
than that of Cu+0.46 Å for twofold coordination.28
The TEM image of the sample CP3 is shown in Fig.
2a. The inset of the figure shows the HRTEM image of a
nanoparticle, which indicates 0.26 nm spacing between two
adjacent lattice planes of a nanoparticle corresponding to the
111 lattice planes of Cu2O. Figure 2b represents the his-
togram plot for the particle diameter distribution correspond-
ing to Fig. 2a. The Gaussian fitting of the plot gives the
average diameter of the nanoparticles 5.2 nm.29 For all
other samples the average diameters of the nanoparticles
were also calculated from the TEM images and histogram
plots. The calculated diameters of the nanoparticles from the
TEM images are well matched with the estimated sizes of
the nanocrystallites from the XRD spectra.
The compositional analysis of the doped samples was
carried out by EDAX. Figure 2c shows the one representa-
tive EDAX spectrum of the highest Mn doped sample
HMnCP3. The concentrations of Mn in the samples
LMnCP3, MMnCP3, and HMnCP3 found from EDAX mea-
surements were 0.3%, 1.5%, and 2.6%, respectively. The
content of Mn in Cu2O is within the limit of highest concen-
tration of 3% in the formation of single phase.30
Figure 3 shows the XPS results of the samples CP3 and
HMnCP3. Figure 3a gives the XPS spectra of the core lev-
els of Cu 2p3/2 and Cu 2p1/2 for the undoped nanoparticles
CP3 to be approximately 932.59 and 952.86 eV, which are in
excellent agreement with the values of Cu+ in pure Cu2O.16
Cu 2p3/2 peak of Cu+ at 932.59 eV was accompanied by a
series of satellites peaks 2 and 3 on the high-binding-
energy side, which is the evident of an open 3d9 shell, cor-
responding to the Cu2+ state.16,31,32 The XRD spectra of the
Cu2O nanoparticles do not show any evidence of CuO phase,
but XPS indicates the presence of Cu2+ ions in the nanopar-
ticles samples, suggests that CuO is present only on the sur-
face of the Cu2O nanoparticles in the form of amorphous
shell.17 This CuO may result from the oxidation of Cu2O on
the surface. The highest doped sample HMnCP3 shown in
the Fig. 3a also gives the similar XPS spectrum of the core

































FIG. 2. Color online a Low resolution TEM image of the Cu2O nano-
particles of sample CP3, inset shows the HRTEM image of a nanoparticle;
b histogram plot for the particle diameter distribution corresponding to
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FIG. 3. XPS spectra of the a samples CP3 and HMnCP3 for Cu 2p peaks
and b sample HMnCP3 for Mn 2p peak.
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levels of Cu 2p3/2 and Cu 2p1/2. The shift to the lower energy
side of the Cu 2p peak occurs in the doped sample, which is
good agreement to the observations by Gao et al.30 Figure
3b shows the Mn 2p core level spectrum of highest Mn
doped sample HMnCP3. Two broad peaks corresponding to
the Mn 2p3/2 and Mn 2p1/2 are approximately at 641.18 and
653.11 eV, attributed to Mn2+.33 Thus it may be concluded
that the Mn was doped in the Cu2O nanoparticles in the form
of Mn2+.
To study the variations of the photophysical properties of
the nanoparticles with size and doping concentration, the
steady-state PL and PL decays of the all undoped and doped
samples were measured at room temperature. Figure 4a
shows the PL spectra of the nanoparticles CP1, CP2, and
CP3 recorded with excitation wavelength 340 nm. One violet
and two blue emission peaks around 421 nm 2.94 eV, 440
nm 2.81 eV, and 469 nm 2.64 eV are found for the
sample CP1 having crystallite diameter 16 nm. These
emissions are expected due to the excitonic transitions from
the different sub levels of the CB to the Cu d-shells of the
VBs,8,34 which will be discussed later using schematic band
diagram. All the peaks were blue shifted with decreasing the
size of the nanoparticles, indicating the quantum confine-
ment effect of the excitonic transition expected for Cu2O
nanoparticles.17 It was found from the literature that the
quantum confinement threshold of Cu2O nanocrystals was 14
nm.
13 Thus the quantum confinement effect was observed for
the samples CP2 and CP3 having sizes 8–11 nm. The
well-known series of yellow excitonic emissions of the Cu2O
are also observed between 600 and 700 nm for all the nano-
particles. Figure 4b shows the room temperature PL spectra
of the all doped samples. The emission peaks of the undoped
sample CP3 were red shifted in the doped samples. This
phenomenon has been explained as mainly due to pd-d ex-
change interactions between the band electrons of Cu2O and
the localized d electrons of the Mn2+ ions substituting metal
ions Cu+. The p-d and d-d exchange interactions give rise to
a lowering of CB energy and upward shifting of VB edge
leading to lowering the emission energies.35,36 Moreover the
intensities of the emissions around 428 and 447 nm for the
lowest doped sample LMnCP3 were decreased with increas-
ing Mn concentration and ultimately quenched in the highest
doped sample HMnCP3. The emission around 482 nm 2.57
eV becomes more pronounced with doping. The incorpora-
tion of Mn in the Cu2O lattice gives splitted Mn d bands. The
emission around 2.57 eV may be due to the transition 4T2
→ 6A1 of Mn2+ ions in analogy to the case of MnO.37,38
Figure 4c shows the photoluminsecence excitation PLE
spectrum of the highest doped sample HMnCP3 recorded by
fixing the emission at 482 nm, which gives the maximum
PLE intensity at the energy 3.51 eV 353 nm. The PLE
result collected by monitoring the Mn2+ 4T2→ 6A1 transition
also indicate, that energy transfer from the photoexcited
Cu2O nanocrystals to the Mn2+ gives rise to the blue
emission.20,39 The UV-visible absorption spectrum of sample
HMnCP3 shown in the Fig. 4d, gives a weak broad peak at
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FIG. 4. a and b Photoluminescence spectra of all the undoped and doped Cu2O samples, respectively. c PLE and d UV-visible absorption spectra of
the highest doped sample HMnCP3.
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632 nm 1.96 eV along with four absorption bands at about
280, 293, 334, and 352 nm. The four peaks at higher energy
side may be due to the absorptions of Cu2O nanocrystals
whereas the peak at the lower energy may be attributed to the
band gap transition of CuO, present at the surface of the
Cu2O nanocrystals, supported by the XPS studies.16 If Mn2+
is incorporated in the CuO rather than Cu2O, then the emis-
sion related to the Mn2+ 4T2→ 6A1 transition is not possible
to observe, since the energy band of CuO associated to the
absorption of 1.96 eV lies below the Mn 4T2 level.40 Thus
from the optical and XPS studies, it may be concluded that
the Cu+ ion is substituted by the Mn2+ ion in the Cu2O lat-
tice.
To explain the effects of the particle size and doping on
the relaxations between the different energy states of the
Cu2O nanoparticles, the life times of the all undoped and
doped samples were measured by utilizing the TCSPC. Fig-
ure 5a shows the PL decays of the undoped samples CP1–
CP3. The fluorescence decays of all the nanoparticles have
triexponential n=3 functions as defined in Eq. 1. The
values of goodness of fit parameter, 2 near unity as shown
in Table II indicate a good fit to experimental data. The best
fitted parameters i and i are shown in Table II. The esti-
mated life times vary from nanoseconds to picoseconds. The
average decay time  calculated using Eq. 2 increases
continuously with decreasing size of the nanoparticles as
shown in Table II. Figure 5b shows the PL decays of the
doped samples. From Table II it is noted that the average life
times of the Cu2O nanoparticles decreases continuously with
increasing doping concentration.
The decay dynamics and the sources of the different PL
emissions of the nanoparticles can be understood from the
electronic energy band structure of Cu2O. Recently, Önsten
et al.41 showed that the VB structure of Cu2O has Cu 3d,
hybridized Cu 3d-4s and O 2p character from angle resolved
photoelectron spectroscopy. The CB are derived from hy-
bridized Cu 3d-4s and O 2p states.42,43 Band structure cal-
culations based on local density approximation including on
site Coulomb and self interaction corrections indicate that
the VB and CB structures are consistent with experiments.
Figure 6a shows the schematic diagram of angular momen-
tum decomposed energy bands of the bulk Cu2O. Transitions
from the top of VB to the bottom of CB 3d→4s are for-
bidden according to selection rules. Theoretically it was pre-
dicted that transition probabilities from many bands below
the top of VB to CB are negligible.44,45 Valence Cu 3d band
width is about 2 eV and CBs 3d-4s are almost 2.17 eV above
VB. 340 nm 3.65 eV pulses may excite electrons from the
Cu 3d band of VB to O 2p of CB since the transitions from
Cu 3d of VB→Cu 3d-4s of CB and Cu 3d-4s of VB→Cu
3d-4s of CB are parity forbidden. Quantum confinement of
electrons in the nanoparticles gives rise to the splitting of
energy levels with respect to bulk.8,46,47 Thus the relaxations
of the electrons occur from the different subenergy levels of
O 2p band to Cu 3d band, which give rise one violet and two
blue emissions. Fig. 6 The slowest component 2 may be
due to the violet emission and other two components 1 and
3 may be due to the two blue emissions. The fractional
contribution %f3 of the fast component 3 decreases and
the contributions %f2 and %f1 of the slow components 2
and 1 increase with decreasing particle size Table II, indi-
cates that the splitting of the energy bands due to the quan-
tum confinement is more prominent with decreasing particle
size. Moreover it is well known that the electronic states are
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FIG. 5. Color online Photoluminescence decays of all the a undoped and
b doped Cu2O samples.





Goodness of fit parameter
21 2 3 1 2 3  f1 f2 f3
CP1 0.000 73 0.000 19 0.915 1.993 8.16 0.0148 0.97 0.10 0.09 0.81 1.16
CP2 0.001 36 0.000 35 0.998 2.519 9.67 0.0184 1.68 0.14 0.13 0.73 1.11
CP3 0.012 90 0.0021 0.985 1.44 7.71 0.0358 2.18 0.27 0.23 0.50 1.10
LMnCP3 0.009 00 0.0006 0.990 1.56 7.24 0.0260 1.22 0.31 0.11 0.58 1.09
MMnCP3 0.000 89 0.000 21 0.994 2.40 7.28 0.0201 0.71 0.09 0.06 0.85 1.01
HMnCP3 0.000 28 0.000 05 0.999 3.16 8.59 0.0187 0.34 0.04 0.02 0.94 1.07
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localized due to the confinement effect, therefore it reduces
the oscillator strength and as a result the life times of the
nanoparticles increase with decreasing the size.48 Divalent
Mn has d5 electronic configuration. In octahedral crystal
field, d states are split into 6A1 and 4T2 levels. Supercell
calculations predict that Mn d states are formed within VB
and CB regions of undoped Cu2O.49 A representative band
diagram of Cu2O doped with Mn is shown in Fig. 6b. The
maximum portion of the photogenerated electrons in the O
2p level may relax nonradiatively to the Mn 4T2 level and
then relax radiatively to the Mn 6A1 level lying near VB of
Cu2O. These successive transitions give rise to prominent
emission peak near 2.57 eV. Thus the contribution %f3 of
the fast component of decay 3 related to the emission
around 2.57 eV increases compared to the contributions %f2
and %f1 of other two 2 and 1 with doping Table II and
ultimately the quenching of the two slow components occurs
with Mn doping concentration of 2.6% of the sample
HMnCP3. It is considered that the shortened decay time of
the Mn doped Cu2O nanoparticles originates from the effec-
tive energy transfer process from O 2p to Mn 3d levels.18
Moreover the quenching of these two emissions of the Cu2O
nanoparticles may occur due to the strain induced defects
increasing with doping.50 Thus it may be concluded that
small percentage of Mn doping might quenched the multiple
emissions of the Cu2O nanoparticles and only blue light
emits from the nanoparticles.
IV. CONCLUSIONS
The Cu2O nanoparticles having crystallite diameters
8–16 nm were obtained by a simple solvothermal method
using dextrose as the reducing agent. The effects of the varia-
tions of size and Mn doping on the photophysical properties
of the nanoparticles were studied. The XPS studies clearly
showed that the Mn was incorporated into the Cu2O lattice as
Mn2+. The Luminescence studies revealed the quantum con-
finement effect in the nanoparticles. The incorporation of the
Mn in the Cu2O nanoparticles having average crystallite di-
ameter 8 nm quenched the multiple emissions of the Cu2O
nanoparticles and favored only blue light emitted from the
nanoparticles. Thus it may be concluded that the introduction
of the small percentage of Mn may tune the emission of the
Cu2O nanoparticles.
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